SPECIFICATION 

TITLE OF THE INVENTION 

Mass Spectrometer and Mass Spectrometric Method: 

FIELD OF THE INVENTION 

The present invention relates to all mass 
spectrometers which can apply a quadruple ion trap, 
such as a quadruple ion trap mass spectrometer, a 
quadruple ion trap-time-of-f light mass spectrometer, 
and a quadruple ion trap-Fourier transformed ion 
cyclotron resonance mass spectrometer. 

BACKGROUND OF THE INVENTION ^ 

As an example of various mass spectrometric 
methods, there is an ion trap mass spectrometric method. 
The basic principle of a quadruple ion trap mass 
spectrometric method is known (Patent Document 1). In 
the ion trap method, an RF voltage having a frequency 
of about 1MHz is applied to a ring electrode to 
accumulate ions. In an ion trap, ions having above a 
certain mass become in a stable condition to be 
accumulated. The lower voltage applied to ' the ring 
electrode is swept to the higher one. In this case, the . 
ions having a low mass are first ejected to obtain a 
mass spectrum. 

In this method, however, different kinds of 
ions having the same mass cannot be discriminated. To 
improve this, tandem mass spectrometry in an ion trap 



has been developed. As an. example of the tandem mass 
spectrometry in a quadruple ion trap, collisional 
activated dissociation with a bath gas in a quadruple 
ion trap is known (Patent Document 2) . In this method, 
5 ions generated by an ion source are accumulated into an 
ion trap to isolate precursor ions having a mass to be 
detected. After ion isolation, a supplemental AC 
electric field resonant with the precursor ions is 
applied between endcap electrodes to expand an ion 

10 trajectory. The ions are collided with a bas gas filled 
in the ion trap to dissociate the ions for detection. 
Fragment ions exhibit a specific pattern by a 
difference in molecular structure. Different kinds of 
ions having the same mass can be discriminated. 

15 To' dissociate the ions, an ion trapping 

potential produced by the voltage applied to the ring 
, electrode must be increased. To increase the trapping 
potential, the voltage applied to the ring electrode 
must be set to a high voltage. This moves the fragment 

20 ions having a low mass away from the stable trajectory 
condition so that the ions cannot be trapped. In 
matrix-assisted laser desorption ionization , monovalent 
ions having a high mass (molecular weight above 2000) 
.are easily generated. These are stable in structure to 

25 be hard to dissociate in the general collisional 
activated dissociation. 

There is known a method for solving the 
problems that fragment ions having a low mass cannot be 
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detected and that ions having a high mass cannot be 
dissociated (Non-Patent Document 1) . In this method, in 
._ ■ addition to a continuously-introduced bath gas 

(Typically, He is used.) continuously introduced for 
5 cooling ions, a gas having a large molecular weight 
such as Ar is intermittently introduced from a gap 
between endcap electrodes and a ring electrode using a 
switchable solenoid valve to promote ion collisional 
activated dissociation in an ion trap. After these 

10 operations, an RF voltage applied to the ring electrode 
is increased to sequentially eject ions from the ion 
trap for detection. This can increase the ion 
excitation effect in the ion trap to detect fragment 
ions having a lower mass . A method for applying the 

15 same method as this method to an ion trap-hybrid time-' 
of-f light mass spectrometer is known (Non-Patent 
Document 2) . Also in this method, in 7 addition to a 
general continuously-introduced bath gas (Typically, He 
is used.), a gas having a large molecular weight such 

20 as Ar is intermittently introduced from a gap between 
endcap electrodes and a ring electrode using a high- 
speed switchable solenoid valve to promote ion 
collisional activated dissociation in an ion trap. 
After these operations, a DC voltage is applied to ttfe 

25 endcap electrode and the ring electrode to draw ions 
for coaxial acceleration, thereby performing mass 
dissociation from the time of flight of the ions. This . 
can detect fragment ions having a lower 'mass at high 
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mass accuracy. _ 

There is known a method for solving the general 
collisional activated dissociation problems that. .'. * . 
fragment ions having a low mass cannot be' detected and 
that ions having a high mass cannot be dissociated 
(Non-Patent Document 3) . In this method, after ion 
isolation, a C02 laser is. irradiated from a hole 
through a ring electrode onto the. center part of a trap 
The ions absorb an infrared ray to advance dissociation 
by excitation of an internal energy. In this method, a 
quadruple ion trap mass spectrometer can detect 
fragment ions having a low mass. 

[Patent Document 1] 

U.S. Patent No. 4,650,999 

[Patent Document 2] 

U.S. Patent No. 4,736,101 
. [Non-Patent Document 1] 

Richard W. Vachet and Gray L. Glish, Journal of 
American Society for Mass Spectrometry, Vol. 7, pp. 
1194-1202, 1996) 

[Non-Patent Document 2] 
■ .. Li Ding et al.., Proceeding SPIE the 
international Society for Optical Engineering, 1999, 
Vol. 3777, pp. 144-155 

[Non-Patent Document 3] 

Armando Colorado et al . , Analytical Chemistry, 
1996, Vol. 68, pp. 4033-4043 



SUMMARY OF THE INVENTION 

A step of accumulating ions into an ion trap, a 
step of selectively holding precursor ions in the ion 
trap, a step of dissociating the precursor ions with 
5 the aid of an intermittently-introduced bath gas or an 
irradiation laser, and a step of detecting fragment 
ions are conducted with time and repeated to conduct 
mass spectrometry at high sensitivity. Problems remain 
in -the respective methods. 

10 In the examples- described in the Non-Patent 

Documents 1 and 2, to promote ion collisional activated 
dissociation in the ion trap, the operation of 
introducing the intermittently-introduced bath gas one 
or more times for a short time below 1ms is repeated 
.15. between several tens to hundreds of ms in the 

collisional activated dissociation process. The 
pressure in the ion trap is fluctuated in the process 
of dissociating the precursor ions by the collisional 
activated dissociation. It is difficult to set a- 

20 supplemental voltage condition at the collisional 

activated dissociation dependent largely on the gas 
pressure to an optimum. 

As a mounting problem, in the example described 
in Non-Patent Document 1, to obtain the mass accuracy, 

25 several hundreds of ms until the introduced 

intermittently-introduced bath gas is discharged from 
the ion trap is a waiting time before detection. This 
significantly reduces the ion utilization efficiency 
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(duty cycle) of the entire apparatus to largely lower 
the sensitivity. In the example described in Non-Patent 
Document 2, to reduce the waiting time, a turbo 
molecular pump only for evacuating the gas in the ion 
5 trap is provided to increase the evacuation ability. 

This, however, significantly increases the cost of the 
- apparatus . 

In the method described in Non-Patent Document 
3, the quadruple ion trap mass spectrometer can detect 

10 fragment ions having a low mass. The bath gas pressure 

(below O.OlPa) in the ion trap necessary for using a C0 2 
laser having an output of about SOW does not correspond 
with the. degree of vacuum (about 0.1 to lPa) optimum 
for maintaining the ion trap efficiency and sensitivity. 

15 In the priori art dissociation method using a laser- 
beam, ion accumulation and dissociation in the ion trap 
cannot be conducted at an optimum degree of vacuum. The 
prior art. ion trap mass spectrometer using a laser 
lowers the ion trap efficiency and sensitivity to 

20 obtain high dissociation efficiency. 

An object of the present" invention is to 
provide a mass spectrometer and a mass spectrometric 
method using- an ion trap which can detect fragment ions 
having a low mass and enables measurement at high 

25 sensitivity. 

A mass spectrometer of the present invention 
has an ion source generating sample ions; an ion trap 
having a pair of endcap electrodes and a ring electrode 



6 



and accumulating, dissociating and ejecting the ions; 
gas introduction means arranged in the endcap electrode 
or the ring electrode for introducing an 

intermittently-introduced bath gas into the ion trap at 
5 a predetermined timing; and a detector detecting the 

ions ejected from the ion trap, wherein the center axis 
of a gas introduction hole is arranged so as to pass, 
through a region of the center of gravity of the ion 
trap . 

10 In the mass spectrometer of the present 

invention, the gas pressure in the ion trap can be 
switched at high speed, and the' respective switched 
pressures can be held almost constant. Specifically, a 
bath gas (such as Ar or N2) having a heavy mass is 

15 intermittently introduced in a collisional activated 

dissociation process of precursor ions having a mass to 
be detected to conduct CID (collision-induced 
dissociation) . In a mass spectrometer of a type 
dissociating ions by laser irradiation, a bath, gas is 

20 introduced only in an ion accumulation process and an 
ion detection process and gas introduction is stopped 
in a precursor' ion dissociation process to conduct 
photodissociation . In the present invention, the 
sensitivity of the mass spectrometer is increased as 

25 compared with the prior art. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a cross-sectional view of an 
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^embodiment of a quadruple . ion trap of the present 
invention; 

FIG. 2 is a cross-sectional view showing the 
construction of a prior art quadruple ion trap 
corresponding to Embodiment 1 shown in FIG.' 1; 

FIG. 3 is a diagram showing results obtained by 
conducting mass spectrometry of known samples in the 
case_ that the existing ion trap of a mass spectrometer 
is of the construction of Embodiment 1 of the present 
invention shown in FIG. 1 and in the case that it is of 
the prior art construction shown in FIG. 2 to evaluate 
intermittently-introduced bath gas flow rate dependence 
-of ion trapping efficiency; 

FIG. 4 is a second embodiment of the present 
invention and is a cross-sectional view of main 
construction parts of a construction example of an 
atmospheric pressure ionization ion trap mass 
spectrometer using the ion trap of Embodiment 1 using 
an electrospray ion source as an ion source; 

FIG. 5 is a diagram showing measurement 
sequences of Embodiment 2 of the present invention; 

FIG. 6 is a diagram showing the relation 
between pseudo potential and index deciding ion 
stability according to a voltage setting method in 
Embodiment 2; 

FIG. 7. is a diagram showing the relation 
between resonant frequency and index deciding ion 
stability according, to the voltage setting method in 
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Embodiment 2 ; 

FIG. 8 is a diagram showing dissociation 
efficiency of leucine-enkephalin monovalent ions when a 
. qz value as the index deciding ion stability is . 
5 actually changed in Embodiment 2 to verify the effect 
of the present invention; 

FIG. 9 is a diagram showing an example of the 
voltage setting method in an ion dissociation process 
in Embodiment 2' of the present 'invention and is .a 
10 diagram showing examples of supplemental AC voltages 
applied between endcap electrodes 7a, 7b; 

1 FIG. 10 is a diagram showing a mass spectrum of 
: leucine-enkephalin ions when Ar is introduced in the 
ion dissociation process to apply a supplemental AC 
15 voltage having a single frequency in Embodiment 2. of 
the present invention; 

FIG. 11 is a diagram showing a mass spectrum of 
leucine-enkephalin ions when Ar is introduced in the 
ion dissociation process to apply a supplemental AC 
20 voltage having a broad band frequency in Embodiment 2 
of the present invention; . 

FIG. 12 is Embodiment 3 of the present 
invention and is a diagram showing a construction 
example of a mass spectrometer having a construction 
25 which applies ion dissociation by laser irradiation to 
the atmospheric pressure ionization ion trap mass 
spectrometer explained in Embodiment 2; 

FIG. 13 is a diagram showing measurement 
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sequences, of Embodiment 3 of the present invention; 

FIG. 14 is a diagram showing results obtained 
by comparing the case that an intermittently-introduced 
bath gas for ion dissociation is continuously 
introduced in the prior art ion trap construction shown 
in FIG. 2 with the case of Embodiment 3 for ion amount 
trapped and ion dissociation efficiency by laser 
irradiation; 

FIG. 15 is Embodiment 4 of the present 
invention and is a diagram showing a construction . 
example of an atmospheric pressure ionization ion trap- 
time-of-f light mass spectrometer using the ion trap of 
Embodiment 1; 

FIG. 16 is a diagram showing measurement 
sequences of Embodiment 4 of the present invention; 

FIG. 17 is Embodiment 5 of the present 
invention and is a cross-sectional view showing a 
construction example in which a plurality of pulsed 
valves 44 are arranged in a ring electrode 9; and 

FIG. 18 is Embodiment 6 of the present 
invention and is a cross-sectional view showing a 
construction example of the mass spectrometer in which 
the . pulsed valve 44 is arranged in the endcap electrode 
7 a. 

DESCRIPTION OF THE PREFERRED EMBODIMENT 
(Embodiment 1) 

An embodiment of a quadruple ion trap of the 



present invention will be described with reference to 
FIG. 1 . - 

FIG. 1 is a . cross-sectional view of the 
embodiment of the quadruple ion trap of the present 
5 invention. The quadruple ion trap constructs a 
cylindrical ion trap region whose both-side end 
surfaces are recessed in a^ bowl shape by. a pair of 
opposed endcap electrodes 7a, 7b in a bowl shape, a 
donut-like ring electrode 9% and cylindrical insulators 

10 28 for coupling the ring electrode 9 and the endcap 

electrodes 7a, 7b and electrically insulating the; ring 
electrode 9 and the endcap electrodes' 7a, 7b. The 
endcap electrode 7a is formed with a hole (ion 
incidence hole) 50a into which ions are incident. The 

15 endcap electrode 7b is formed with a hole (ion ejection 
hole) 50b from which ions are ejected. A suitable 
number of small apertures 29 are distributively 
provided on the insulators 28 . The ring electrode 9 is 
provided with a hole having inner diameter d. A pulsed 

20 valve 44 using a solenoid capable of switching at high 
speed below 1ms is provided in the hole to be 
communicated therewith. As described later, the pulsed 
valve 44 is opened and closed to introduce an 
intermittently-introduced bath gas (such as Ar. or N2) 

25 -. having ^a heavy mass in a collisional activated 

dissociation process of precursor ions. having a mass to 
be detected for conducting CID (collision-induced 
dissociation) . 



11 



To the quadruple ion trap are introduced ions 
from an ion source ionizing samples to be analyzed 
through the hole 50a on the endcap electrode 7a. The 
ions subjected to collisional activated dissociation in 
5 the quadruple ion trap are ejected from the hole 50b on 
the' endcap electrode 7b and are then detected by a 
detector. In the mass spectrometer using the quadruple 
ion trap, a step of accumulating ions into the ion trap 
. region, a step of selectively trapping precursor ions 

10 in-, the ion trap region/ a step of dissociating the 
precursor ions with the aid of the intermittently- 
introduced bath gas or an irradiation laser, and a step 
of detecting fragment ions are conducted with time and 
repeated to conduct mass spectrometry at high 

15 sensitivity. Its construction and operation will be 
described later. 

Numerical value examples of the representative 
construction of the quadruple ion trap of Embodiment 1 
are as follows. Needless to say, the present, invention 

20 is not limited to these size and shape. The distance in 
the position in which the endcap electrodes 7a, 7b are 
closest to each other is about 10mm. The radius of the 
inside of the ring electrode 9 is about 7mm. The ion 
trap region by a three-dimensional quadruple field is 

25 formed in the space interposed between these electrodes 
This accumulates ions to selectively eject the ions 
from the hole 50b on the endcap electrode 7b. The inner 
diameter d of the hole provided in the ring electrode 9 
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is desirably about. 0.2 to 2 mm. 

Generally, a bath gas for cooling ions is 
continuously introduced into the quadruple ion trap, 
although the indication is omitted in FIG. 1. This will 
5 be additionally described in the description of the' 
mass spectrometer using the quadruple ion trap. 

The ions introduced into the quadruple ion trap 
and cooled by collision with the continuously- 
introduced bath gas are focused onto region 0 of a 

.10 relatively small sphere (having a small diameter of 1- 
2mm) centered at the center of gravity of the quadruple 
ion trap having the lowest potential . In other words, 
the ions gather into the region indicated by O at high 
density. When the inner diameter d of the hole provided 

15 in the ring electrode 9 is 2mm, it is of almost the 

same degree as the region indicated by. O . The present 
invention has noted this point. The molecular flow of 
the intermittently-introduced bath gas for conducting 
CID (collision-induced dissociation) introduced from 

20 the hole provided in the ring electrode -9 via the 
pulsed valve 44 collides directly with the region 
indicated by O so that the intermittently-introduced 
bath gas and the ions interact efficiently. That is, in 
the ion dissociation process , the. molecular flow of the 

25 intermittently-introduced bath gas collides directly . 
with the ion region focused at high density for 
efficient dissociation. 

In the mass spectrometer, the ion dissociation 
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process is continued to the ion detection process. In 
order that switching of the processes can be conducted 
immediately, it is important that the intermittently- 
introduced bath gas can be discharged quickly. In the 
5 present invention, the gas can be evacuated quickly 
from the holes 50a, 50b on the endcap electrodes and 
the small apertures 29 provided in the insulators 28. 
The construction of the quadruple ion trap is simple 
and conductance related to gas movement can be larger. 

10 Evacuation can be done in a short time below 1ms. The 

ion dissociation process can be switched immediately to 
the ion detection process. V 

FIG. 2 is a cross-sectional view showing the 
construction of a prior art quadruple ion trap 

15 corresponding to Embodiment 1 shown in FIG. 1. In this 
example, the pulsed valve 44 controlling, introduction 
of the intermittently-introduced bath gas is provided 
in the position to avoid the ring electrode 9. Other 
constructions are the same as those of FIG. 1. 

20 As is apparent from comparison of FIG. 2 with 

FIG. 1, according to the present invention, the 
molecular flow of the intermittently-introduced bath 
gas introduced via the pulsed valve 44 collides 
directly with the region O into which the ions gather 

25 at high density. In the prior art shown in FIG. 2, the 
intermittently-introduced bath gas introduced into the 
ion trap acts, by diffusion, on the region O into which 
the ions gather at high density. The CID (collision- 
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induced dissociation) by the intermittently-introduced 
bath gas is indirect. The' high-efficiency dissociation 
according to the present invention cannot be expected. 

For switching from the" ion dissociation process 
5 to the ion detection process, it is important that the 
intermittently-introduced bath gas can be discharged 
quickly* In the construction of FIG. 2, the 
construction of the quadruple ion trap is not simple 
unlike the present invention. Conductance related to 

10- gas movement cannot be larger so that the evacuation 
time is longer. 

FIG. 3 is a diagram showing results obtained by 
conducting mass spectrometry of known samples in the 
case that the existing ion trap of a mass spectrometer 

15 is of the construction of Embodiment 1 of the present 

invention shown in FIG. 1 and in the case that it is of 
the prior art construction shown in FIG. 2 to evaluate 
. intermittently-introduced bath gas flow rate dependence 
of ion trapping efficiency . In both cases, controls of 

2CT' the flow rate by control of the pulsed valve 44 are the 
same . 

As is easily understood from FIG. 3 , in both 
cases, signal abundance is first increased and is then 
saturated as the flow rate rises. In Embodiment 1, high 
25 trapping efficiency can be obtained at a small flow 

rate and saturation occurs at a small flow rate. It can 
be considered that since the gas density of the 
... introduced gas near- the center of gravity of the ion 
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trap is locally increased, collision-induced 
dissociation by the gas effectively occurs to 
effectively act on trapping . In the prior art 
construction, the signal abundance is slowly increased 
5 and the degree of; the increase is small. From the 

results of FIG. 3, according to the present invention, 
as compared with the prior art, it can be considered 
that the pressure of the center of gravity of the ion 
trap can be increased by about 5 to 10 times at the 

10 same flow rate. This phenomenon will be described below 
When a primary pressure, (gas pressure when the 
pulsed valve 44 is opened to introduce the gas into the 
. ion trap) is Pi, flow rate Q generally introduced is 
calculated by Formula (1) 

15 Q = Cd 2 P x (l) 

where C is a constant decided by pressure and 
is calculated as 91m/s in a molecular flow region 
(below O.lPa) . The inner diameter d of the hole of the 
pulsed valve 44 and the primary pressure Pi are adjusted 

20 to decide the flow rate Q . When the pressure in the ion 
trap is assumed to be uniform and evacuation 
conductance of the ion trap is S , pressure Pi T and gas 
density Dit in the trap are given by Formulas (2) , (3) . 
R is a gas constant and k is a Boltzmann constant. 
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_Q_Cd 2 P x 

Prr ~J'~T~ < 2 > 

D - P rr - Cd2p i 
17 kT SkT (3) 
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The evacuation speed S is decided by the shape - 
of the ion trap and the. evacuation speed of an 
. evacuation pump of a vacuum chamber surrounding the ion 

trap. From these, the Pit and Di T can be adjusted. When 
5 the evacuation speed S from the ion trap to the outside . 
is about 0 . 015m 3 /s (when 20 small apertures 29 provided 
in the insulators 28 having a diameter of 3mm are 
arranged distributively ) .,. in order that the Pit is lPa 
(with T = 300K , Dit = 2 . 4 X 10 18 pieces/m 3 ) , the flow 

10 rate Q = 7PaL/s. The relation between the Di T and Pi can 
be obtained from this. When d = 2mm and 20 small 
apertures 29 are arranged distributively, P x = 56Pa. 

When the gas. is flowed from the high pressure 
part to the low pressure part, a molecular beam is 

15 formed. The center direction of the molecular beam is 
formed almost vertically to the hole surface of a gas 
discharge orifice. Within the range of a, Mach .disk , 
from the primary-side pressure Pi of the pulsed valve 44 
gas density D (h, 0) in the range of downstream h from 

20 the hole surface in which the gas is introduced from 

the pulsed valve 44 into the ion trap and angle 6 from 
the center axis of the gas flow path of the pulsed 
valve 44 of the jet gas discharged from the pulsed 
valve 44 is expressed by Formula (4) . X ( y ) and 0 are 

25 constants, from experience, obtained by the degree of 

freedom of the gas. In the case of a rare gas , X ( y ) =. 
0.562 and 0 = 1.37 (rad) . 



k7 \™ J 
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As an example, when Pi = 56Pa, h = 7mm and 0= 0, 
D (h, 0) = 4.7 X10 18 pieces/m 3 . The calculated result 
means that the gas density is about twice that of the 
model in which the pressure is considered to be uniform 
in the ion trap. The center part of the ion trap (h, d 
= 0) is. found to have high pressure. In the case that 6 
= 20°, D (h, 20°) = 4.0 X 10 18 pieces/m 3 . The gas 
density is calculated to be . about 1.7 times higher than 
that. The pressure is high in the position (h, 0= 20°) 
near the center part of the ion trap. : 

The region having high gas pressure can be 
formed in the ion trap. This is because the center of 
gravity of the ion trap is occupied by the molecular 
beam from the jetting hole of the pulsed valve 44. The 
region having high gas pressure selectively exits in 
the region of D (h, 9) > D IT . Formula (5) is obtained 
from the Formulas (3) , (4) . 



( — - — cos — 
C [2<t> 



- (5) 

Specif ically , when S = 0.04m 3 /s and 6 =0, the 
pressure is higher in the region of h ^ 16mm. 

In Formula (5) , it is possible to define the 
position relation between the gas introduction position 
which can selectively increase the gas density in the 
region near the center of gravity of the ion trap and 
the center of gravity of the Ion trap. The distance 
from the front edge of the gas introduction hole 
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provided in the ring electrode 9 to the center of 
gravity of the ion trap may be below 16mm. In the 
/construction example of Embodiment 1, the radius of the 
inside of the ring electrode 9 is about 7mm to satisfy 
5 the condition. 

The hole surface of the gas introduction hole 
(having a diameter .of 0.2 to 2mm) provided near the 
center of the ring electrode 9 cannot be always 
completely vertical to the center of gravity of the ion 

10 trap and may be tilted slightly . In this case, the 
center of the hole surface is a top, and a straight 
line passing through the top and the region O near the 
center of gravity of the ion trap on an axis connecting 
the centers of the holes 50a, 50b on the endcap 

15 electrodes 7a , 7b is a center axis. In a cone having a 
top angle below 40°, the center axis of the gas flow 
path jetted from the pulsed valve 44 is arranged. 
Substantially, it is possible to expect CID (collision- 
induced dissociation) of the same degree of that when 

20 the center axis of the gas flow of the pulsed valve 44 
passes through the region having a diameter of 1 to 2mm 
centered at the region 0 near the center of gravity of 
the ion trap . '. ' - 

Evacuation time At until the gas density is 

25 changed from D A to D B is expressed by Formula (6) . V is 
an evacuation volume and S is an evacuation speed. 

A V , D A 

At = — ln^- ra\ 
S D B (6) 
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The evacuation time is in proportion to the gas 
volume to be evacuated. The construction of Embodiment 
1 can efficiently increase the gas . pressure only in the 
center of gravity of the ion trap. The flow rate of the 
intermittently-introduced bath gas can be reduced. It 
is possible to expect to significantly increase the 
evacuation speed. 

To check significant increase in the evacuation - 
speed of the construction of the present invention, 
there is prototyped and evaluated an ion trap in which 
the hole diameter of the holes 50a, 50b on the endcap 
electrodes 7a, 7b is . 3mm </> and four gas relief apertures 
29 (3mm0) are provided in the insulator spacers 28. In 
this construction, the internal volume of the ion trap 
interposed between the endcap electrodes 7a, 7b, the 
ring electrode 9 and the insulator spacers 28 is 9cc. 

Time constants (time at which the gas pressure 
is 1/e) of gas discharge from the inside of the ion 
trap in the construction of Embodiment 1 and the prior 
art construction shown in FIG. 2 are obtained from 
experiment. In the calculation method, dissociation 
efficiency corresponding to the gas density of the 
intermittently-introduced bath gas is obtained to 
change delay time for gas introduction and ion 
accumulation. The time constants obtained from this 
experiment are below 1ms in the method of Embodiment 1 
and 7±2ms in the prior art construction shown in FIG. 2 
The time constant of gas discharge by calculation of 



the method of Embodiment 1 is 1.6ms.. 

From this result, it is found that the time 
constant of the method of Embodiment 1 is above 7 times 
that of the prior art construction shown in FIG. 2 and 
5 is above 1 . 6 times higher than the calculated value . In 
the present invention , gas introduction from near the 
center of the ring electrode 9 crossing the straight 
line almost vertical to the axis connecting the centers 
of the holes 50a, 50b on the endcap electrodes 7a, 7b 

10 passing through the region O near the center of gravity 
of the ion trap increases the gas pressure only in the 
center part onto which ions concentrate. Sufficient ion 
dissociation can be done even when the flow rate of the 
intermittently-introduced bath gas is small. The 

15 substantial evacuation volume V can be smaller and the 
construction is simple. Conductance is thus large. 

An embodiment of the mass spectrometer which 
applies the ion trap of the present invention will be 
described below. 

20 (Embodiment 2) 

FIG. 4 is a second embodiment of the present 
invention and is a cross-sectional view of main 
construction parts of a construction . example of an 
atmospheric pressure .ionization ion trap mass 

25 spectrometer using the ion trap of Embodiment 1 using 
an electrospray ion source. Embodiment 2 shown in FIG. 
4 can be applied to all kinds of atmospheric pressure 
ion sources in the same manner. 
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The atmospheric pressure ionization ion trap 
\ mass spectrometer of Embodiment 2 has an atmospheric - 

pressure ion source 100, a first differentially pumping 
- region 200 at a vacuum level introducing sample ions ■ 
5 generated by the ion source 100 via an orifice 3, a 
second differentially pumping region 300 at a'vacuum 
level communicated via an orifice 4 with the first 
differentially pumping region 200 guiding ions by 
octapoles 5a, 5b, and a third differentially pumping 
10 region 400 at a vacuum level communicated via an 
orifice 14 with the second differentially pumping 
region 300 guiding ions by octapoles 6a, 6b. A 
quadruple ion trap 500 of Embodiment 1 is arranged in 
the third differentially pumping region 400. The 
15 differentially pumping regions 200 , 300 and 400 have 
vacuum pumps 20, 21 and 22 to maintain the 
differentially pumping regions at a predetermined 
degree of vacuum. 

As . the ion source 100, FIG. 4; shows an example 
20 in which in the state that a high voltage of several kV 
is applied to an electrospray probe 1, samples are 
• jetted' from its front edge to ionize the samples under 
the atmospheric pressure. In the typical diameters of 
the electrospray probe 1, the outer diameter is about 
25 0.3mm and the inner diameter is about 0.15mm. When a 
sample flow rate is above 20/iL/min, a gas tube 2 is 
provided around the' electrospray probe 1 to flow a 
nitrogen gas between the gas tube 2 and the 
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electrospray - probe 1 to stably advance ionizing. 

Ions generated by the ion source 100 passes v " 
through the orifice 3 to be introduced into the first 
differentially pumping region 200 evacuated by the 
5 . vacuum pump, 20. The typical diameter of the "orifice 3 

is about 0.2mm. As the vacuum pump 20, a rotary pump of 
about 500L/min is used. In this case, the pressure of 
the first differentially pumping region 200 is about 
: 300Pa. 

10 The ions pass through the orifice 4 to be 

.introduced into the second differentially pumping 
region .300 evacuated by the vacuum pump 21. The hole 
diameter of the orifice 4 is 1 to 2mm. The pressure of 
the second differentially pumping region 300 is 0.7 to 

15 1.3Pa. The evacuation amount of the turbo molecular 
pump 21 is 150L/s. The pressure of the second 
differentially pumping region 300 is about 0.7 to 1.3Pa. 

The octapoles 5a, 5b (Only four octapoles at 
the rearward side in the sheet are' shown.) made of 

20 eight round. poles are arranged in the second 

differentially pumping region 300. The ions pass 
through the center of the octapoles 5 . An AC voltage of 
reverse phase of about 1MHz and 150V (0-peak) is 
. applied alternately to the electrode of the octapoles 5 

25 (The display of a voltage supply and wiring is 

omitted.) . The octapoles 5 have an effect of focusing 
the kinetic energy and position of the ions to carry 
the ions efficiently. They can be used for deflecting 
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the ion trajectory. 

The ions transmitted through the octapoles 5 \ 
pass through the orifice 14 to be introduced into the 
third differentially pumping region 400. The third 
5 differentially pumping region 400 is evacuated by the 
turbo molecular pump 22. The. evacuation amount of the 
turbo molecular pump 22 is about 100 to 200L/s. The : 
pressure of the third differentially pumping region 400 
is about 0.03 to O.OlPa. The ions passed through the 

10 orifice 14 are. guided by the octapoles 6a, 6b (Only 
four octapoles at the rearward side in the sheet are 
shown.) to pass through an inlet gate" electrode 8 and 
the hole 50a on the endcap electrode 7a to be ? _ 
introduced into the quadruple ion trap 500. A voltage 

15 is applied to the octapoles 6a, 6b as in the octapoles 
7a, 7b. 

The quadruple ion trap 500 has the same 
construction as that of FIG. 1 . When it is incorporated 
into the mass spectrometer, a cooling gas for cooling 

20 the ions introduced into the trap (generally, He gas 
only) is continuously introduced from an aperture 27 
from a cooling gas cylinder 24. The reas.on why only He 
is used as the continuously-introduced gas is that the 
mass resolution at isolation and detection is 

25 significantly lowered when using a gas having a heavy; 
molecular weight. 

As described above, the quadruple ion trap 5.00 
has the pair of opposed endcap electrodes 7a, 7b in a 
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bowl shape and the donut-like electrode 9. The pulsed 
valve 44 is insulated from the ring electrode 9 by the 
insulators 28 . The ring electrode 9 and the'endcap 
electrodes 7a, 7b are insulated by the insulators 28 of 
Teflon (trademark). The distance between the endcap 
electrodes is about 10mm. The radius of the circle 
inscribed in the ring electrode 9 is about 7mm. To the 
ring electrode 9 is applied an RF voltage of 500kHz to 
1MHz. supplied from a power supply for the trapping RF 
voltage 33. To the ring electrode 9 is applied a, high 
voltage (to ground) of several kV at the maximum. An AC , 
voltage of 1 to 500kHz produced by a power supply for 
the supplemental" AC voltage 32 and a voltage 
superimposed thereon are applied 'between the electrodes 
7a, 7b. A three-dimensional quadruple field is formed 
in the space interposed between the ring electrode 9 
and the endcap electrodes 7a, 7b. Ions are accumulated 
by the three-dimensional quadruple field to control the 
frequency and voltage between the electrodes 7a, 7b for 
ion isolation and collisional activated dissociation. 
The ions are selectively ejected from the hole 50b on 
the endcap electrode 7b. 

The ring electrode 9 is provided with the hole 
of the pulsed valve 44. The pulsed valve 44 is coupled 
to a cylinder 25 of an intermittently-introduced bath 
gas source. When the flow rate of the intermittently- 
introduced bath gas introduced via the pulsed valve 44 
is reduced, it may be reduced by a pump, not shown, 



provided at the upstream side of the pulsed valve 44. 
As the intermittently-introduced bath gas, He, Ar, N2 , 
Xe, Kr and air can be used. An. on-off valve is used for 
the gas cylinders 24, 25. 

To the inlet gate electrode 8 is applied a 
voltage (to ground) of about 0 to -200V in the ion. 
accumulation process in which ions generated by the ion 
source 100 are introduced into the quadruple ion" trap 
500 via the orifice 3 , the orifice 4, the orifice 14, 
the inlet gate electrode 8 and the hole 50a on the 
endcap' electrode 7a . To an outlet gate electrode 10. is . 
applied a voltage (to ground) of about 0 to -300V in 
the detection process of the ions ejected from the hole 
50b on the endcap electrode 7b. A deflector 11, a 
conversion dynode 12 and a detector 13 are provided at 
the downstream side of the outlet gate electrode 10. 
The ions passed through the outlet gate electrode. 10 
collide with the conversion dynode 12 by curving the 
ion trajectory by the deflector 11. To the conversion 
dynode 12 is applied a voltage of -several kV at 
positive ion detection. When the ions collide with the 
conversion dynode 12, electrons are produced. The 
produced electrons reach the detector 13 having an 
electron multiplier to which a voltage of about lOkV is 
applied and are then observed as signals . 

The numeral 31 denotes a controller which 
controls voltage magnitudes, frequencies and applying 
timings of the power supply for the trapping RF voltage 



33 applied to the ring electrode 9 ,. the power supply 
for the supplemental AC voltage 32 applied between the 
endcap electrodes 7a, 7b, and a controller for pulsed 
valve 34. It also processes signals obtained from the 
detector 13 to obtain mass spectrum data of the samples 
The signal processing part of the controller 31 is 
constructed by a so-called personal computer to permit 
necessary sequential processing and data statistical- 
processing./ . • 

FIG. 5 is a diagram showing measurement 
sequences of Embodiment 2. The measurement" sequences 
shown in FIG. 5 are controlled by the controller 31. An 
ion trap operation method in Embodiment s will be 
described below using FIG., 5. 

• . In the operation of mass spectrometry in the 
ion trap of Embodiment 2, there are four sequences of 
the ion accumulation process, the precursor ion 
isolation process, the ion dissociation process and the. 
ion detection process. To obtain data integration 
effect, the processes are repeated the number of times 
necessary for sequence. ' 

In the ion accumulation process, a trapping RF 
voltage generated by the power supply for the trapping 
RF voltage 33 is applied to the ring electrode 9. 
During this,, ions generated by the ion source 100 and 
passed through the orifice 3, the .orifice 4, the 
orifice 14, the inlet . gate electrode 8, and the hole 
50a on the endcap electrode 7a are accumulated into the 



ion trap 500. A typical value of ion accumulation time 
is about 0 . 1 to 100ms. When the accumulation time is 
too long/ a phenomenon called space charge of the ions 
in the ion trap 500 disturbs, an electric field. 
Suitable time is selected according to the kind of the 
samples. In the ion accumulation process; the 
intermittently-introduced bath gas for ion dissociation 
is not introduced . from the pulsed valve 44.- 

In the precursor ion isolation process , the 
trapping RF voltage and the supplemental AC voltage are 
set to isolate precursor ions to be detected. For 
example, the trapping' RF voltage is applied to the ring 
electrode 9 , . .and an electric field superimposed on an 
RF component except for the resonant frequency of the 
precursor ions is applied between the endcap electrodes 
7a, 7b. Ions other than the precursor ions are removed 
from the trap condition and are ejected to the outside 
of the ion trap 500. Only the ions in the ion mass 
range to be detected can remain in the ion trap 500. 

There are other various methods for isolating 
ions to be detected, and any. of these may be used. All 
the cases, are the same in the aim that only the ions to 
be detected in a certain ion mass range remain in the 
ion trap. Typical time necessary for ion isolation is 
about 5 to 20ms. In the precursor ion isolation process 
the intermittently-introduced bath gas for ion 
dissociation is not introduced from the pulsed valve 44 

Next, in the ion dissociation process, the 



isolated precursor ions are dissociated. The trapping 
RF voltage is applied to the ring electrode 9. The 
supplemental. AC voltage is applied between the endcap 
electrodes 7a, 7b. In the section of the ion 
dissociation process, the pulsed valve 44 is opened to 
introduce the intermittently-introduced bath gas . As 
the introduced gas, ions having a large molecular 
weight such as Ar, Xe or Kr are isolated to increase 
the. ion dissociation efficiency . 

Finally, ion detection is conducted in the ion 
detection process . At the ion detection, the trapping 
RF voltage and the supplemental AC voltage are changed 
from the. low voltage to the high voltage. The ions', 
having a low mass are first unstabilized. to be ejected, 
to the outside of the ion trap. Ion intensity is 
detected by the detector 13. Also at the ion detection , 
the intermittently-introduced bath gas is not 
introduced from the pulsed valve 44.. Since only He gas 
; exists in the ion trap, the resolution is maintained. 
The trapping RF voltage and the mass of the ejected / ; 
ions have a fixed relation. The detected ion intensity 
by the detector 13 is written as mass spectrum data to 
the controller 31. 

'". A specific voltage setting method of Embodiment 
2 will be described below. Pseudo potential Dz and 
index qz deciding ion stability are given by Formulas 
(7) , (8) . e is an electronic quantum, m is an ion mass. 
V is a voltage applied to the ring electrode 9. Q is an 



angular frequency of the voltage V applied to the ring 
electrode 9. zO is a half value of a distance between 
the endcap electrodes 7a, 7b (distance of the part in 
which the endcap electrodes 7a, 7b are closest to each 
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10 FIG. 6 is a diagram showing the relation 

1'" between the pseudo potential and the index' deciding ion 
stability according to the voltage setting method in' 
Embodiment 2. FIG. 6 shows the depth of the potential 
Dz when the mass is lOOOamu, the frequency , of the RF 

15 voltage V applied to the ring electrode 9 is 770kHz, 

and the distance between the endcap electrodes is 14mm. 
To detect fragment ions having a low mass, the qz must 
be smaller. The potential depth is in proportion to the 
square of the qz. When the qz is smaller , . collisional 

20 activated dissociation cannot be conducted. It has been 
difficult- to obtain ions having a low. mass as fragment 
ions in the quadruple ion trap mass spectrometer. 

Ion resonant frequency f is given by Formula 
(9) . P(qz) is a stabilizing parameter uniquely given by 

25 the qz . 

'FIG. 7 is a diagram showing the relation 
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between the resonant frequency and the index deciding 
ion stability according to the voltage setting method 
in Embodiment 2 . FIG. 7 shows resonant frequency when . 
. the frequency of the RF voltage V applied to the ring 
5 electrode 9 is 770kHz. The supplemental AC voltage . 

having the resonant frequency or a frequency near the 
resonant frequency is applied between the endcap 
. electrodes .7a, 7b. 

.A single frequency may be used as the frequency 
10 of the supplemental AC voltage. A plurality of 
frequencies may be superimposed on each other. 

Described above is the voltage setting method. 
An increase AEint of internal energy obtained 
by collision of the ions having the. mass m with the 
15 intermittently-introduced bath gas having molecular 
weight M is given by Formula (10) . 

At * i-O-D 

ml K 2 m + M- z (10) ... 

At the same potential, it is found, from Formula 
20, (10) that the larger the molecular weight of the bath 
gas, the ion internal energy ■ is largely excited. 

FIG. 8 is a diagram showing dissociation 
efficiency of leucine-enkephalin monovalent ions when, 
the qz value as the index deciding ion stability is 
25 actually changed in .Embodiment. 2 to verify the effect 
of the present invention. In Embodiment 2, when the qz 
is above 0.1, high dissociation efficiency is 
maintained. In the prior art ion trap shown in FIG. 2, 
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unless the qz is above 0.2, ions are not . dissociated . 
In Embodiment 2, ion dissociation is , advanced at a low 
qz value. It is found. that detection of the ions having 
a low mass which has not been enabled in the prior art 
ion trap construction shown in FIG-. 2 is enabled. 

FIG. 9 is a diagram showing an example of the 
voltage setting method in the ion dissociation process 
in Embodiment 2 of the present invention and is a 
diagram showing examples of supplemental AC voltages 
applied between the endcap electrodes 7a, 7b. As shown 
in FIG . 9 (A) , effective is application of a 
supplemental AC voltage 51 having a single frequency 
(f(qz = 0.1)) near a frequency resonant with precursor 
ions as the supplemental AC voltage. As shown in FIG. 
9 (B) , effective is application of a supplemental AC 
voltage 52 including frequencies of (f(qz = 0.1)) to 
(f(qz =0,4)) as the supplemental AC voltage and having 
a broad band frequency in which a component having a 
large frequency has a smaller voltage. As shown in FIG. 
9(C), as. the supplemental AC voltage, effective is 
application of a supplemental AC voltage 53 in which 
low frequency is changed to high frequency with time. 
In this case, in the supplemental AC voltage 53, the 
low frequency f (qz =0.1) is changed to the high 
frequency f (qz = 0.4) with time. The magnitude of the 
voltage is controlled to be smaller with time. 

Application of the supplemental AC voltage "52 
having a broad band shown in FIG. 9(B) or application 



of the supplemental AC voltage 53 in which frequency is 
.changed with time shown in FIG. 9 (C) has the merit that 
once-dissociated ions are additionally dissociated to 
measure many kinds of fragment peaks as compared with. 
5 : . application of the supplemental AC voltage having a . 

single frequency shown in FIG . 9 (A) . ;. 

In the ion detection process, the ions 
subjected to collisional activated dissociation in the 
ion trap 500 are ejected to the outside of . the ion trap 

10 . 500 from the hole 50b of the endcap . electrode 7b for 
each ion mass when the trapping RF voltage and the 
supplemental AC voltage are changed from low voltage to 
high voltage. The ions are then detected by the 
detector 13. The output is sent to the controller 31 to 

15 be written as a mass spectrum. 

FIGS. 10, 11 are diagrams showing the effect in 
Embodiment 2 of the present invention. The horizontal . 
axis indicates M/z and the vertical axis indicates 
relative signal abundance. 

20 FIG. 10 is a diagram showing the mass spectrum 

of leucine-enkephalin ions when Ar is used as the 
intermittently-introduced bath gas to be introduced 
into the ion dissociation process (CID time) and the 
supplemental AC voltage 51 having a single frequency is 

25 applied between the endcap electrodes 7a, 7b (qz =0.1). 
In the mass spectrum shown in FIG. 10, many fragment 
ions having a low mass (m/z<250) are not found. This is 
because the fragment ions directly generated from 
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precursor ions are ions having a high mass (m/z>2.50) . 

As in FIG.. 10, FIG. 11 is a diagram, showing the 
mass spectrum of leucine-enkephalin . ions when Ar is 
. used as the intermittently-introduced bath gas to be 
5 introduced into the ion dissociation process (CID time) 
and the supplemental AC voltage 52 having a broad band 
frequency is applied between the endcap electrodes 7a, 
7b (qz = 0.1) 

As is apparent from comparison with FIG. 10, in 
10 the mass spectrum shown in FIG. 11, the ions having a 
•low mass (m/z<250) are also detected . This shows that 
•application of the supplemental AC voltage 52 having a 
broad band additionally dissociates once-dissociated 
ions having a high mass. (m/z>250) to generate the ions 
15 having a low mass. Detecting many kinds of even ions 
having a low mass is useful to identify, the ions. 
Application of the supplemental AC voltage 52 having a 
broad band frequency as shown in FIG. 9(B) is found to 
be effective. Application of the supplemental AC 
20 voltage 53 in which frequency is changed with time as . 

shown in FIG. 9(C) can obtain ' almost the same effect as 
that of the application of the supplemental AC voltage 
52 having a broad band frequency. 

Other than the aim to detect the fragment ions 
25 having a low mass, for example, when He is used as the 
intermittently-introduced bath gas, it is effective to 
dissociate ions which have not been enabled to be 
dissociated.. In this case, the voltage V applied to the 
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ring electrode 9 is set so that the qz at dissociation 
is about 0.2 to .0.4 as in the general collisional 
activated dissociation, thereby enabling ion 
dissociation. The peripheral part of the ion trap 500 
is heated to increase the temperature of the 
intermittently-introduced bath gas . This effect can be 
further increased. 
(Embodiment 3) 

FIG. 12 is Embodiment 3 of the present 
invention and is a diagram showing a construction, 
example of a mass spectrometer having a construction 
which applies ion dissociation by laser irradiation to 
the atmospheric pressure ionization ion trap mass 
spectrometer explained in Embodiment 2. Parts similar 
to those of FIG. 4 are indicated by. the same reference 
numerals. As is apparent from comparison of both, in 
the mass spectrometer .of Embodiment 3, the process in 
which ions generated by the ion source 100 are 
introduced into the ion trap 500 and. the process in . 
which fragment ions are detected are the same as those 
of the mass spectrometer of Embodiment 2 . This 
embodiment is different from Embodiment 2 in that a 
window 15 is provided in the position opposite the 
orifice 14 of the third differentially pumping region 
400 and a laser beam is incident therefrom. The 
incident laser beam is irradiated through the hole 50b 
on the endcap electrode 7b onto the region O near the 
center of gravity of the ion trap . The numeral 30 



denotes an infrared laser; the numeral 16, an optical 
lens; and the numeral 17, a mirror. For the lens 16 and 
the window 15, a material such as ZnSe having high , 
transmissivity, of a C0 2 laser /(wavelength of 10 . 6 jjl m) - is 
5 used . 

In alignment of the laser beam, conducted is 
rough adjustment of tiling of the mirror 17 so that the 
beam passes through the holes 50a, 50b on the endcap 
electrodes 7a , 7b. Pseudo samples such as reserpine 

10 ions are used to. adjust the mirror 17 so that its 

dissociation efficiency is maximum. Since the mirror 17 
is at atmospheric pressure, the operation is easy. To . 
reduce the focused area of the laser, beam, larger, 
initial beam expansion is advantageous. It is effective ~ 
,15 to provide a beam expander, not shown, between the 

laser 30 and the optical lens 16. This can focus the 
beam diameter more narrowly. 

The laser beam diameter is focused, more 
narrowly to be matched with the area substantially 

20 corresponding with the ion expansion in the region, v O 
near the center of gravity of the ion trap. It is 
possible to efficiently give the laser energy to the 
ions. In FIG. 12, the laser is introduced, via the lens 
and the mirror. There may be a form in which these are 

25 omitted to irradiate the beam directly from the laser. ' 
In this case, the cost of optical parts can be. reduced. 

In Embodiment 3 , in the ion dissociation 
process, the cooling gas continuously introduced from 
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the gas introduction aperture 27 into the ion trap 500 
in Embodiment 2 is not flowed, or the flow rate of the 
gas is set to a very low flow rate. The laser beam 
collides with the cooling gas to. relieve ion- 
dissociation. The ion dissociation by laser irradiation, 
is not /advanced when ; the pressure in the ion trap 500. 
is high (above O.OlPa) . Due to this , the cooling gas is 
not flowed, or the flow rate of the gas is set to a 
very low flow rate. The output of the laser beam 
irradiated onto the region 0 of the center of gravity 
of the ion trap 500 is 10 to 30W and the focused area 
is about 0.3 to 2mm 2 -. The intensity . and irradiation 
timing of the infrared laser 30 are conducted by the 
controller 31. 

■ FIG. 13 is a diagram showing measurement 
sequences. of Embodiment 3 . The measurement sequences 
shown in FIG. 13 are controlled by the controller 31. 
An ion trap . operation method of Embodiment 3 will be 
described below using FIG. 13. In the ion trap 
operation of Embodiment 3, as in Embodiments (FIG. 5) , 
there are four sequences of the ion accumulation 
process, the precursor ion isolation process, the ion 
dissociation process and the ion detection process. The 
description of the point that the measurement sequences 
of Embodiment 3 are common to those of Embodiment 2 is 
omitted, and the different point will be mainly 
described . 

In. the ion accumulation process, as in that of 



Embodiment 2, the trapping RF voltage is applied to the 
ring electrode to accumulate ions into the ion trap 500. 
In the ion accumulation process of Embodiment 3, the 
intermittently-introduced bath gas is introduced from 
the pulsed valve 44 and application of the supplemental 
AC voltage and laser irradiation are not conducted. As 
the intermittently-introduced bath gas, He, Ar and air 
can be used. The trapping efficiency at ion trapping is 
higher as the flow rate of the intermittently- 
introduced bath gas is increased .. The intermittently- 
introduced bath gas enough for trapping is introduced : 
to increase the sensitivity. 

In the precursor ion isolation process, as in 
that of Embodiment 2 , only ions in a specific ion mass 
range remain in the trap. In the precursor ion 
isolation process of Embodiment 3, the intermittently- 
introduced bath gas is introduced from the pulsed valve 
44 and laser irradiation is not. conducted. 

In the ion dissociation process , the isolated 
precursor ions are dissociated. When it is desired that 
fragment ions having a low mass be detected, the 
trapping RF voltage is set to low. When it is desired 
that hard-to-dissociate ions be dissociated, the 
trapping , RF voltage is set to high. In the ion 
dissociation process, a laser beam is irradiated to 
apply the supplemental AC voltage of: several tens of mV 
to several V resonant with the precursor ions. 

Typical time necessary for ion dissociation is . 



about 5 to 50ms. The typical output of the laser beam 
is 10 to 30W. The laser beam density is 20 to' 60W/mm 2 
(inaccurate depending on the calculated value) . In the 
.'ion dissociation process , introduction of the . 
intermittently-introduced bath gas from the pulsed 
valve 44 is stopped. The pressure in the trap is 
lowered to below 0. OlPa in the ion dissociation process 

The ion detection process is the same as that 
of. Embodiment 2. 

FIG'.. 14 is a diagram showing results obtained 
by comparing the case that the intermittently- 
introduced bath gas for ion dissociation is 
continuously introduced in the prior art ion trap 
construction shown in FIG. 2 with the. case of 
Embodiment 3 for ion amount to be trapped and ion 
dissociation efficiency by laser irradiation. 

In FIG. 14, the prior art ion trap shown in FIG. 
2 advances dissociation at high dissociation efficiency 
only at a data point corresponding to a signal 
abundance of about.6000 and a dissociation efficiency, 
of about 90%. This .is data when introduction of the 
intermittently-introduced bath gas is stopped. When the 
intermittently-introduced bath gas is introduced to 
increase the trapping efficiency , the signal amount. is 
increased. Dissociation is not advanced (The 
dissociation efficiency is below about 10%.) . 

In Embodiment 3', when the intermittently- 
introduced bath gas is introduced so as to provide 



trapping efficiency above 6 times that of the prior art 
shown in FIG. 2, lowered dissociation efficiency is not 
. found. Using Embodiment 3, ion dissociation by laser 
irradiation Which ..has not been enabled is enabled while 
5 maintaining the high trapping efficiency. 

(Embodiment 4) '. 

FIG. 15 is. Embodiment 4 of the present 
invention and .is a diagram showing a construction . 
example of an atmospheric pressure ionization ion trap- 

10 time-of-f light mass spectrometer using the ion trap of 
Embodiment 1. Parts similar to those of FIG. 4 are 
indicated by the same reference numerals . As is 
apparent from . comparison of both, in the : mass 
.spectrometer of Embodiment 4, the process in which ions 

15 generated by the ion source 100 are introduced into the 
ion trap 500 is the same as that of the mass 
spectrometer of Embodiment 2. 

In Embodiment 4, the ion detection method is 
different from that of the mass spectrometer of 

20 Embodiment 2. There is provided a fourth differentially 
pumping region 600 (time-of-f light mass spectrometric 
chamber) adjacent the third differentially pumping 
region 400 to be evacuated from the turbo molecular 
pump 23 communicated via a hole 43. A ref lectron 42 to 

25 which a voltage of several kV is applied is provided, in 
the fourth differentially pumping region 600. Ions 
flied from the ion trap 500 to the ref lectron 42 are 
pushed back in the reverse direction to reach the 
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detector 13 for detection. In other words, the ions are 
drawn from the quadruple ion trap" to be .accelerated 
coaxially with the center axis of the quadruple ion 
..trap for: mass dissociation ' from the flight time of the 
ions ... 

The ions dissociated in the ion trap 500 are 
ejected to the fourth differentially pumping region 600 
by applying a DC voltage of several hundreds of V to 
several kV between the endcap electrodes 7a, 7b at the 
initial- stage of the ion detection process. A pulse 
voltage of several hundreds of V to several kV is 
applied between the endcap electrode 7b at the ion 
outlet side and an accelerator 40 to transfer the ions 
via a hole 41 of the accelerator 40 to the time-of- 
flight mass spectrometric chamber 600. A high-speed MCP 
is used for the detector . 13 of the mass spectrometer of 
Embodiment 4. The cons truction of Embodiment 4 is 
advantageous that the mass resolution and mass accuracy 
of the ions detected are more excellent. than those of 
the construction of Embodiment 2. 

In Embodiment 4, as is apparent from the above 
description, other than the power supplies shown in 
FIGS. 2 and 3, required are a DC voltage source, a 
pulse power supply and wiring for connecting these to 
necessary positions. A general technician can easily 
prepare these and the illustration is omitted. The 
controller 31 can easily correspond to it. 

FIG. 16 is a diagram showing measurement 



sequences of Embodiment 4.. The measurement sequences 
. \ shown in FIG. 16 are controlled by the controller 31. 
An ion trap operation method of Embodiment 4 will be 
described below. using FIG . 16. 
5 In the ion trap operation of Embodiment .4, as 

in Embodiments (FIG. 5) and Embodiment 3 (FIG. 13) , 
there, are four sequences of the ion accumulation 
process; the precursor ion isolation process, the ion 
dissociation process and the ion detection process. The • 
10 description of the point that the measurement sequences 
of Embodiment 4 are common to those of Embodiment 2 is 
omitted, and the different point will be mainly 
described . 

In the ion accumulation process, as in that of - 
15 Embodiment 2, the trapping RF voltage is applied to the 
ring electrode to accumulate ions into the ion trap 500 
In the ion accumulation process of Embodiment ; 4 , at 
measurement of positive ions , a voltage of about -100V 
is applied to the inlet gate electrode 8 and a voltage 
20 of about 100V is applied to the accelerator 40. The 
former is applied to efficiently introduce the ions 
into the ion trap. The latter is applied not to eject 
the ions which once enter the ion trap 500. : As. in the 
ion accumulation process of Embodiment 2, accumulation 
25 is terminated before a phenomenon called space charge 
occurs . 

Of the ions passed- through the endcap electrode 
7a to reach, the inside of the ion trap, the stably 
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trapped efficiency depends on the gas pressure by the 
cooling gas in the ion trap. The gas pressure of 0.06 
to 0.4Pa is a bath gas pressure having good sensitivity 
and resolution . ' \ 

5 The precursor ion isolation process and the ion, 

dissociation process are the same those of Embodiment 2 

In the ion detection process, a DC voltage is 
applied as shown in FIG. 16. A DC voltage is applied to 
_the endcap electrodes : 7a, 7b, the ring. electrode 9 and 
10 the accelerator 40. As an example of the voltage, a 
. voltage of 4kV is applied to the endcap electrode. 7a at 
the inlet side, a voltage of 3 . 5kV is applied to the 
endcap electrode 7b at the outlet side, and a voltage 
of about 0V is applied to' the accelerator 40. The ions 
15 reach the detector 13 after 0 to several tens of 
microseconds. 
(Embodiment 5) 

In the above-described embodiments, as shown in 
FIGS. 5, 13 and 16, there is described the example in 
20 which with one pulsed valve 44, the : gas pressure of the 
intermittently-introduced gas introduced from the 
pulsed valve 44 into the ion trap is changed in pulse 
form to two ways of ON and OFF. 

' FIG. 17 is Embodiment 5 of the present 
25 invention and is -a cross-sectional view showing a 

construction example in which a plurality of the pulsed 
valves 44 are arranged in the ring electrode 9. As 
shown in FIG. 17, when the plurality of pulsed valves 
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44 are arranged in the ring electrode 9 , gas jetting 
for allowing ions to cause a chemical action .can be 
given. At this time, as in Embodiment /2 , the respective 
pulsed valves .44 are arranged in part of the ring - 
electrode 9 in the region 0 in which the straight line 
almost vertical to the axis connecting the- centers of 
the holes 50a, 50b on the endcap electrodes 7a, 7b 
passing through the center of gravity of the ion- trap 
corresponds with the center axis of the gas flow path 
of the respective pulsed valves 44. In the example 
shown in FIG. 17, the two pulsed valves 44 are arranged 
in the ring electrode 9 so as to be opposite to each 
other " ' ' 

(Embodiment 6) 

In all the above-mentioned embodiments , the 
pulsed valve 44 is arranged in the ring electrode 9. In 
the present invention, it may be provided in the endcap 
electrode 7a. FIG. 18 is a diagram showing an 
embodiment made into such form. 

In FIG. 18, the ion trap 500 is provided in the 
third differentially pumping region 400 shown in 
Embodiment 2 and the pulsed valve 44 is provided in the 
endcap electrode 7a. The hole 50b on the endcap 
electrode 7b is necessary for ion drawing and Is the 
same as. that of Embodiment 2. The numeral 60 denotes an 
insulator between the endcap electrode 7a and the 
pulsed valve 44. The hole 50a on the endcap electrode 
7a is closed by the hole of the pulsed valve 44 . The 



ion source is directly provided in the ion trap 500. As 
the ion source settable in the ion trap,, there are. 
electron impact (ET) and matrix-assisted laser 
desorption ionization (MALDI).. FIG. 1.8 shows the case 
5 of the EI. Samples pass from a sample 5 6 through a 
capillary tube 57 to be introduced from a hole 58 
provided in the insulator 28 into the ion trap. Sample 
ionization is conducted by colliding electrons emitted 
from a filament 55 with a sample gas emitted from the 

10' capillary tube 57. Other components similar to those of 
the' construction of Embodiment 2 (FIG. 4) are indicated 
by the same reference numerals . 

The measurement sequence is the same as that of 
FIG. 5 showing the sequence of Embodiment 2. The; 

15 filament 55 is controlled by the controller 31. An 

.electric current is flowed only at ion accumulation to 
eject thermions. 

In Embodiment 6 , the ion source is arranged in 
the ion trap and the pulsed valve 44 is provided in the 

20 endcap electrode 7a. The irradiated area of the 

intermittently-introduced bath gas supplied from the 
pulsed valve 44 .corresponds with the region O near the 
center of gravity of the ion trap 500 trapping ions . 
The ions can be dissociated efficiently. 

25 (Other Embodiments) .. . 

The above embodiments are described by taking, 
as ah example, the' case that the electrospray ion 
source is used as the ion source . The present invention 



can obtain the same effect for ions generated by 
matrix-assisted laser desorption ionization, . 
atmospheric pressure.' chemical ionization, and 
supersonic-speed spray ionization.' 

The present invention can provide the mass 
spectrometer which in the quadruple- ion trap, can 
detect the fragment ions having a low mass without 
lowering the sensitivity and resolution and dissociate 
-the hard-to-dissociate ions. As compared with the prior 
art, it is possible to provide the mass spectrometer 
which can increase qualitative and quantitative ability 

According to the present invention , in the mass 
spectrometer and the mass spectrometric method using 
the ion trap, the. fragment ions having a low mass can 
be detected and high-sensitivity measurement is enabled 



